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Abstract This paper presents a new contactless and
frictionless pure bending technique for material testing
purposes, along with a practical realization thereof. A
contactless pure bending mode is realized through the
relative rotations of two clamps that are mounted on
frictionless sliders. The proposed generic device allows
for large rotations, cyclic loading, reversed loading,
creep testing, relaxation testing and is well-suited to
test different classes of materials. On top of the clas-
sical benefits for materials testing through bending,
a few illustrative examples are given that emphasize
the potential of this bending instrument for particular
material tests.
Keywords Pure bending · Materials testing ·
Cyclic bending
Introduction
Standardized mechanical tests exist for many decades
and have contributed significantly to the development
of engineering materials and devices. Among these,
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bending tests received particular interest, since these
are non-uniform tests that are representative for many
practical loading conditions, and they are less prone to
geometrical instabilities (necking, buckling, etc.). Most
standardized bending tests rely on 3-point, 4-point or
cantilever bending tests, which put restrictions on the
sample geometry, the tested cross-sections, the con-
tribution of the local contact areas, etc. Furthermore,
cyclic tests and reversed loading tests cannot be per-
formed in a straightforward manner.
A local state of pure bending has been used abun-
dantly in the literature to test materials, beams, pipes,
structures, etc. Bending states are often combined with
other strain states in more complex tests, see e.g. [1]
and [2] for stretch bending analyses. Special 3-point
bending constructions for reversed bending have been
proposed and used as well [3]. The versatility of us-
ing a bending test for materials characterization was
already commented in [4]. Cyclic testing constituted
the major drive in seeking for bending-unbending de-
vices [5, 6]. In the past decade, there have been only
a few attempts towards the development of a (more)
generic pure bending device, where most concepts are
inspired by sheet metal testing. A simplified version
of a pure bending test was presented in [7], where
the relevance of testing in a pure bending state has
been particularly emphasized. A pure bending device
based on a rotating clamp and two sliders was proposed
in [8], whereas a bending-unbending solution based on
Oldham couplings was used in [9]. The two sliders or
the Oldham coupling were used to compensate for nor-
mal forces (or allowing for a variable distance between
the two rotation axes), but involved some frictional
resistance. Very particular set-ups, aiming for case-
specific requirements, have been proposed in literature
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as well, e.g. [10] for testing the rat femur, [11] for testing
circular tubes, [12] for testing spine specimens. More re-
cently, Zineb et al. [13] presented a pure bending device
for testing composite structures, yet still departing from
a kinematic structure to be mounted in a tensile device.
Nevertheless, clear arguments were already provided in
this paper to motivate pure bending tests over classical
4-point bending tests.
In the patent literature, most patents offer an inno-
vative manner to bend materials and structures from
a manufacturing perspective. Only few patents can be
identified that propose a pure bending test machine
for materials testing purposes, among which the patent
of Peterson [14] is one of the oldest. The US Patent
7017423 B2 of 2006 by Calloch et al. [15] departs par-
tially from similar specifications as the presented device
here, though using a totally different and more restric-
tive complex solution. In most existing patents, the con-
tactless and frictionless characteristics presented in this
paper cannot be identified, i.e. contact and/or friction
remains systematically present.
Even though it is sometimes possible to correct ex-
perimental data for the parasitic role of contact and
friction in a testing set-up, this is generally not the case.
The following shortcomings are intrinsic to a set-up that
is prone to contact or friction:
– Local contact induces local deformations (indenta-
tions), which cannot always be determined exactly
from a global displacement measurement. This is
particularly relevant if soft materials are to be
tested.
– Applying a bending load through local contact
(3-point or 4-point bending) usually obstructs the
field of view at the top or bottom surface, which
makes the use of digital image correlation tech-
niques troublesome. In a contactless set-up, all sur-
faces (and through thickness side faces) can be kept
visible.
– Large deformations require large bending angles,
which cannot be trivially realised in contact-based
set-ups. A rotation of 180 ◦ cannot be realized
trivially.
– Contact-based bending set-ups cannot be used to
imposed cyclic bending loads, since the loads are
usually transmitted through contact pressures only.
– Bending set-ups without contact often make use
of a linear guide, which is not frictionless. The
presence of friction in a set-up typically introduces
parasitic forces and moments that depend on the
friction coefficient.
– The presence of friction in a set-up usually intro-
duces hysteresis in cyclic tests, which comes on top
of the intrinsic hysteresis of the material tested.
Calibrating this device hysteresis (both due to fric-
tional sliding and rotating) for a range of loads,
displacements and rotations is far from trivial.
– The role of friction becomes increasingly important
if the set-up is miniaturized, e.g. to test samples in
bending in combination with microscopy.
– Finally, it should be noted that if an experimental
test is simulated numerically for material model
identification or validation, proper characterization
and incorporation of contact and friction contribu-
tions is generally not trivial.
These concerns justify the development of a contactless
and frictionless bending device.
This paper does not intend to provide more details
on analytical couple-curvature relations in the nonlin-
ear range, since this is a subject that is already well doc-
umented in literature. It is known that bending tests are
well suited to e.g. determine the parameters relevant
for the strain hardening in engineering materials. We
intend to go a major step beyond the pure bending tests
for materials testing currently available. The potential
of a contactless and frictionless bending apparatus is
multiple:
– Carry out standard mechanical tests for non-
homogeneous strain states
– Test materials in a regime where several geometri-
cal instabilities do not occur
– Carry out reversed loading tests, whereby elastic
springback or Bauschinger effects can be optimally
studied
– Enable large amplitude cyclic loading
– Enable stable large strain tests
– Enable creep and relaxation tests in pure bending
conditions, which is particularly relevant for time-
dependent material behaviour
With this paper, the authors hope to share this
generic versatile technique with the experimental me-
chanics community, for which particular applications
have already been addressed by several research groups
(e.g. see [16]). It is believed that further technological
developments in this direction will lead to steadily im-
proving bending machines, that may become a standard
tool in many materials research labs. The potential of
the bending apparatus presented in this paper goes be-
yond the practical realization at hand now. Downscaled
and upscaled versions of this device may be well ex-
plored, covering a wide range of samples and materials
(or thin films) to be tested at different dimensions.
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Key Principles and Requirements
The requirements imposed on the realization of this
specific bending apparatus are:
– allow for true pure bending in the entire speci-
men, without any superimposed normal tractions
(at least pure bending for a perfectly isotropic ma-
terial with no geometric sample defects)
– well-defined and reproducible testing conditions
– allow for rotation angles up to 180 degrees
– allow for positive and negative rotations
– the loading may not be transmitted by punctual or
local application of forces
– upon bending, no friction may develop in the device
or in the load transmission
– allow for large amplitude cyclic loading
– allow for relaxation tests by prescribing a fixed
rotation angle and monitoring the bending moment
over time
– allow for creep tests by prescribing a fixed bending
moment and monitoring the rotation angle over
time.
– adapt to different sizes of specimen sheets of differ-
ent thicknesses
– autonomous operation, i.e. without relying on a
standard tensile tester
The requirements above typically rule out all conven-
tional bending tests, based on contact (3-point or 4-
point bending) within a standard tensile machine. To
realize the requirements above, the bending device will
have to be equipped with rotation clamps that can move
with respect to each other in a frictionless manner. Ro-
tation angles and bending moments are to be monitored
throughout the entire experiment, both in loading and
unloading. Furthermore, the specimen surface and/or
side faces must be visible, in order to make use of DIC-
based (Digital Image Correlation) methods for strain
mapping.
Contactless and Frictionless Pure Bending Equipment
General Description
A schematic picture of the pure bending device is
shown in Fig. 1. The device is constructed on the
base of a rectangular sample (5), firmly clamped at its
two opposite edges by a pair of hydraulically actuated
clamps (3 & 4). The clamps are individually mounted on
two air suspended linear guides (1 & 2) that can move
frictionless along and around the axes of two cylinders
(8 & 9). Because the linear guides are positioned at
a relative angle of 90 degrees, no lateral force can be
transferred from one clamp to the other. This means
that whenever a sample is positioned in the device,
the axial and rotational clamp positions are completely
determined by the edges of the sample.
Upon bending, the virtual rotation point of the de-
vice during the experiment is determined by the sample
as well. One of the clamps (4) imposes the rotation, as
indicated in Fig. 1, whereas the other clamp (3) registers
the applied bending moment. The latter is obtained by
making use of an elastic joint (6) in combination with
a set of strain gauges. The whole setup is mounted
on a solid frame (7). The device can be operated in
two different modes: (i) rotation controlled (at constant
rotation speed) and (ii) bending moment controlled.
The second mode is particularly useful for the analysis
of elastic springback effects.
Note that, strictly speaking, it is of course never
possible to fully eliminate parasitic effects from mate-
rial and geometrical imperfections. A slight material
anisotropy may be enough to trigger such effects, even
Fig. 1 Contactless and
frictionless pure bending
device. The left clamp records
the bending moment whereas
the right clamp provides the










1. left linear guide
2. right linear guide
3. left hydraulic clamp






686 Exp Mech (2010) 50:683–693
if there is no initial curvature defect present. In this
respect, special attention has to be given to the active
frictionless degrees-of-freedom of the system. Relative
sliding of the 2 rotation clamps is frictionless, i.e. no
parasitic resulting normal force can exist. Rotation of
the clamps around the linear guides is also frictionless,
i.e. a resulting parasitic twisting moment cannot be
transmitted to the guide neither. This however does
not guarantee that the kinematics will be pure bending,
since this depends on the material anisotropy as well.
It is pure bending in the sense that only a bending
moment or rotation is prescribed.
Technical Specifications
Based on the key requirements and the general descrip-
tion given above, a contactless and frictionless pure
bending stage was manufactured. The device is shown
in Fig. 2, presenting the entire device mounted on its
solid frame and a detail of the specimen mounted in
its clamps. The red counterweight visible in the picture
allows to align both clamps, to prevent any torsional
effects upon clamping a specimen. The need for a coun-
terweight directly results from the fact that the clamps
rotate in a frictionless manner around the linear guides.
Without any sample mounted, the clamps should be
parallel and in a vertical position for all rotation angles,
which can only be controlled with a counterweight.
The counterweight ensures that the centre of gravity
of the whole clamp lies directly under the centerline of
the linear guide.
A technical drawing of the entire bending frame is
presented in Fig. 3, revealing the overall dimensions,
constructive aspects and the positioning of the clamps
on the linear guides.
A detail of the clamping arrangement is shown in
Fig. 4, where the measurement principle of the bending
moment is revealed. The bending moment is recorded
by the left clamp which is equipped with a strain
gauge. A Hottinger measurement amplifier provides
an input voltage to the strain gauge and translates the
analogue output voltage into the measurement control
box where a digital signal is generated at a sample rate
of 20 ms with a resolution of 12 bits. The right clamp
can be rotated between 0 and 180 degrees by using
a Kollmorgen DC motor with a total gear reduction
ratio of 6192:1. Before each experiment, the setup has
to be initialized. During this initialization procedure,
several end switches are activated which are used to
determine the absolute angle position with respect to
the left clamp. After the initialization procedure, a pure
bending experiment can be started. The operator has
to choose the final angle and angular velocity of the
right clamp. The control box measures the position and
velocity of the right clamp by means of a Haidenhain
encoder. The position is controlled with a 10 bit A/D
module at a sample rate of 100 ms. The angle position
can be controlled with a resolution of 0.175 degrees.
Further technical specifications of this device are listed
below:
– dimensions of the solid frame ≈ 1 m × 1 m × 0.5 m.
– bending moment resolution = 0.06 Nm for a max-
imum range of 250 Nm; 0.012 Nm for a maximum
range of 50 Nm
– bending moment range: −250 Nm ↔ 250 Nm
– angular resolution = 0.175 ◦
sampleclamp
Fig. 2 Photo of the operational bending device mounted on its frame (left) and a photo of a sample fixed in the clamps of the device
(right)






























Fig. 3 Bending frame, with geometrical dimensions and overall construction details
– rotation range: −90 ◦ ↔ +90 ◦ or 0 ◦ ↔ +180 ◦ de-
pending on the geometry of the clamps used
– maximum rotation: 180 ◦ for a sample width of
80 mm; 125◦ for a sample width of 30 mm
– maximum rotation speed: 180 ◦/min
– minimal total specimen dimensions [width ×
height] = 30 mm × 20 mm
– maximum total specimen dimensions [width ×
height] = 80 mm × 100 mm
– clamping width: 2 × 10 mm (10 mm in each clamp)
– range clamping thickness: 0.1–3 mm
– angle-controlled or moment-controlled (PID feed-
back loop with a sample time of 100 ms)
Note however, that there are ample ways to extend or
improve these specifications by rescaling the geometry
and/or making different (or more optimal) choices for
the control and the electronics. The contactless and
frictionless bending device hinges on a general princi-
ple, that allows for alternative designs with different
specifications if needed.
A typical undeformed and deformed sample shape
is shown in Fig. 5, along with the auxiliary clamps that
allow for reversed rotation angles.
Illustrative Applications
In this section, emphasis is given on two illustrative
examples, for which the developed bending device has
proven to be a major added value in experimental
testing. Particular attention is given to the role of the






Fig. 4 Loading clamps, with visible sample mounted in the
clamps and load cell for the bending moment measurement
bending process and the proposed solution, whereas the
detailed interpretation of the measurement results is
obviously part of other research projects.
Experimental Analysis of Strain Path Changes
The analysis of strain path effects in metals attracts
considerable attention nowadays, since modern ad-
vanced metallic alloys (dual-phase steels, TRIP steels,
TWIP steels, aluminum alloys) are quite sensitive to
strain path changes. Such analyses are often done by
sequences of uniform tensile tests and shear tests,
whereas non-uniform strain states are dominating in
the engineering practice. Accurate control of spring-
back in metal forming requires appropriate tests that
probe the strain path changes in reproducible and
realistic circumstances. The potential of using a pure
bending set-up for strain path changes is illustrated in
Fig. 6, in which a reversed and an orthogonal strain path
change is presented, whereby the different possible
processing steps are marked. A rectangular flat sample
1 is clamped in the device 2 and a positive angle is
applied in steps 3 to 6. The maximum positive angle
is 180 degrees. Next, the rotation is reversed in step 7,
until the bending moment is zero in step 8. The angle
difference between step 7 and 8 is exactly the elastic
springback after the 180 degrees positive rotation. At
this point the sample can be taken out of the device in
step 20, e.g. to investigate the microscopic structure by
Orientation Image Microscopy (OIM). Alternatively,
the sample can also be bent to its neutral position
in step 12 and even further to a maximum negative
angle of −90 degrees. If the negative angle in step 13
is sufficient to finish with a bending moment and a
rotation angle equal to zero in step 15, a complete cycle
has been carried out and the flat sample can be taken
out in step 16, yet carrying a particular deformation
history. Then, either reversed loading (Bauschinger
test) can be applied by repeating the previous cycle
or orthogonal loading can be applied. For the latter
choice, the clamped edge parts have to be removed
from the center part in step 18, since these parts of
Fig. 5 Undeformed and deformed samples (left); mounted sample in the auxiliary clamps that allow for a reversed rotation angle
(right)
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Fig. 6 Schematic representation of strain path changes making use of a pure bending set-up, allowing for a reversed loading test and
an orthogonal strain path test
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the sample did not plastically deform during the first
cycle. Then the sample is rotated by 90 degrees and
clamped in the device again. These steps can be varied
in order to apply a well defined deformation history
to the material. It must be noted that the material in
between the clamps undergoes a uniform deformation
in the plane of the sheet, whereas the strain distribution
through the material thickness is non-uniform.
With this bending test at hand, it was possible to
identify shortcomings in some advanced models, for
which certain parameters were extracted from uni-
form tension-shear tests. The model used to analyze
these strain path changes was a modified Teodosiu
model [17–19], which was tested on a common IF
steel (DC06 automotive steel, manufactured at Corus
RD&T in the Netherlands). Two strain path change
tests were examined on the basis of the pure bend-
ing equipment. First, the material is prestrained. To
this purpose, a rectangular sample with dimensions of
40 mm × 100 mm × 0.7 mm (effective width of 20 mm)
is bent three times to an angle of 135 ◦ and back (to
0 ◦). Next, a negative rotation angle of 7 ◦ is applied
to neutralize the spring-back stresses, after which the
sample can be taken out of the device. From this
prestrained specimen, two samples are prepared with
dimensions 40 mm × 20 mm × 0.7 mm (effective width
of 20 mm). One of these samples is used for a reversed
pure bending test, and the other sample is used for an
orthogonal pure bending test. The identified material
response from these successive bending tests is shown
in Fig. 7. The left graph in Fig. 7 shows the numerical-
experimental response during the pure bending pre-
straining stage, whereas the right graph shows the re-
sponse after the strain path change. These figures well
reveal the model accuracy, along with the sensitivity of
the bending tests to such strain path changes. Details
of the successful use of this bending test for parameter
identification purposes in this context can be found
in [20] or [21]. Note the spikes on the signal of the
recorded bending moment below 1 Nm, which are
essentially due to the lack of damping of the inertia
effects (upon accelerating the mass in its rotation) in
the absence of friction (which can be improved in a re-
design).
Experimental Analysis of Transforming
Metastable Steels
A second characteristic example of what a contactless
and frictionless pure bending test can provide, is next
presented for a metastable maraging steel. Austenitic
stainless steels is a commercially important class of
alloys used in a large variety of applications due to
their excellent corrosion resistance, high strength, good
ductility and toughness [22]. The excellent mechanical
properties of these steels are partially due to the phase
transformation of metastable austenite to martenste,
which takes place during mechanical loading at ambi-
ent temperatures. The phase transformation is a com-
plex mechanism, accompanied by volume and shape
changes of the transforming domains in the microstruc-
ture. This volume change triggers an intrinsic sensitivity
to the occurring stress state, and becomes particularly
visible in bending tests.
The particular material tested here is commercial-
ized under the name Nanoflex™ by Sandvik [23], which
is used by Philips to produce shaver components. In
order to illustrate the potential of bending analyses for








































Fig. 7 Application of the bending test to determine parameters for an advanced strain path dependent plasticity model: pre-straining
through 3 cycles of pure bending (left); orthogonal and reversed bending test following pre-straining (right). Experimental results and
model predictions are confronted
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Fig. 8 Pure bending of
Nanoflex strips for different
bending angles, revealing the
mechanically-induced effect
of the martensitic phase
transformation. The
martensitic phase is the dark
phase in the micrographs on
the right; austenite is the
light phase. The effects of
the amount of strain,












this material, a few bending tests have been carried
out on Nanoflex™. A bending deformation is particu-
larly relevant from a manufacturing perspective, as an
example of a multistep forming operation in produc-
ing shaver components, among which several bending
sequences.
The deformed cross sections for different bending
angles have been analyzed to identify the amount of
martensite as a result of the phase transformation, see
Fig. 8. This figure clearly shows that the amount of
martensite produced on the tensile side of the spec-
imen is larger, which well accommodates the shape
and volume change of the transformed martensite. The
bending angle of 45 ◦ has hardly any martensite on
the compressive side, whereas the tensile side already
transformed to a considerable extent. Upon increasing
the bending angle further, the mechanical driving force
to trigger the phase transformation on the compres-
sive side becomes large enough and martensite also
starts to appear here. Such results are quantitative and
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Fig. 9 Comparison of a continuous-discontinuous bending scheme for a standard steel (left) and Nanoflex (right), revealing strong
kinematic and springback effects in the mechanical behaviour of Nanoflex
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characteristic for non-uniform strain distributions as
they appear in the engineering practice. The bending
results constitute a major added value to identify and
validate material models that aim to describe these
complex phenomena.
In order to elucidate the potential of the pure bend-
ing test further, a small comparative analysis has been
carried out on a classical steel (St37) and the Nanoflex
material, see Fig. 9. A continuous bending deforma-
tion from 0 ◦ to 120 ◦ was carried out and compared
to an intermittent discontinuous bending deformation.
The latter operation was carried out in steps of 5 ◦,
where an unloading-reloading step was introduced. As
expected, the classical non-transforming steel does not
reveal particular differences between the continuous
and the discontinuous bending path. The Nanoflex
steel on the other hand, shows strong kinematic
effects upon unloading and reloading whereby the re-
sulting moments deviate considerably from the contin-
uous curve. These kinematic effects are the net result
of the transformation in the steel upon deformation,
which produce a pronounced spring-back effect upon
unloading. With this bending test at hand, such effects
can be optimally and quantitatively studied in either
creep conditions, relaxation conditions or cyclic loading
conditions.
Conclusions and Outlook
Pure bending is a well-known test that has been largely
documented in literature. Almost all practical realisa-
tions of a bending test involve shear and normal loading
as well, whereas the few pure bending tests reported
typically involve contact (for loading) and/or friction to
realize the pure bending conditions. This paper focused
on a contactless and frictionless pure bending test,
which is realized through the relative rotations of two
clamps that are mounted on frictionless air suspended
sliders. The concept has been manufactured and an
operational device is nowadays being used as a generic
bending tester for materials characterization purposes.
The originality of this bending test and the device
realized resides in its intrinsic ability to handle large
rotations, large strains, cyclic loading, reversed load-
ing, creep tests and relaxation tests. It is believed that
this concept offers a realistic opportunity to use the
proposed device as a generic testing machine in mate-
rials research. Particular applications at hand involve:
the analysis of strain-path effects in metals and poly-
mers, time-dependent behaviour in non-uniform stress
states, stress or strain induced martensitic transforma-
tions, tension-compression asymmetry, kinematic hard-
ening effects, spring-back analyses, etc.
Beyond the particular realization of the pure bend-
ing tester presented here, smaller and larger designs of
this bending test device seem to be well feasible. This
would allow to span a wide range of specifications for
different materials, with samples of different geome-
tries, ultimately incorporating thin flexible foils or films
as well.
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